Laser-excited PEEM using a
fully tunable fs-laser system

The ferroelectric domain structure on a (001) surface of a BaTiO;
single crystal prepared under ultrahigh vacuum conditions is imaged
by laser-excited photoemission electron microscopy (PEEM). The
PEEM images allow for discrimination of three domain types by their
different photoemission yields. To characterize the contrast between
the different ferroelectric domains of BaTiO5(001) in the region of
4.0-4.6 eV close to the photoemission threshold, the broad
wavelength tunability of the femtosecond laser system is used. The
femtosecond time resolution within two-photon PEEM experiments,
using two fully independently tunable laser beams, is demonstrated
for the first image potential state of Ag(001). In a pump-probe setup
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with a cross-correlation full-width at half~-maximum of 70 fs, an
angle-integrated apparent lifetime of 40 fs is derived from the
PEEM intensities. In contrast with energy-resolved two-photon
photoemission measurements, PEEM data reveal a 17-fs shorter
lifetime. This difference is discussed by considering the co-excitation
of bulk states, which leads to an additional time-dependent

photoelectron contribution in PEEM.

Introduction

Photoelectrons emitted from a crystal surface give access
to the energy-resolved density of states and the electronic
band structure. This correlation is widely used in spatially
averaging methods such as ultraviolet photoelectron
spectroscopy. In contrast, photoemission electron
microscopy (PEEM) yields the 2-D distribution of the
photoelectrons with a spatial resolution in the nanometer
range in state-of-the-art instruments. The direct imaging by
electron optics as realized in PEEM enables fast image
acquisition since it avoids sequential scanning of the sample
as in scanning probe techniques. The electronic contrast
accessible to PEEM depends significantly on the photon
energy used for sample illumination. For laboratory use,
PEEM is often combined with an ultraviolet gas discharge
lamp (Hg, He) with a characteristic fixed spectrum. It gives
access to the occupied valence states close to the Fermi
energy, revealing a high contrast for small variations in the
work function (threshold PEEM). In contrast, X-ray
synchrotron radiation allows for excitation of core-level
electrons, leading to high element specificity. By the use of
X-ray circular magnetic dichroism (XMCD), magnetic
domain contrast is also possible [1]. The utilization of
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femtosecond (fS) lasers for sample illumination in PEEM
gives access to the unoccupied electronic states by
multiphoton photoemission and creates the possibility to
directly image the fs dynamics at surfaces in time-resolved
pump-probe experiments [2, 3]. Since the first time-resolved
two-photon PEEM (2P-PEEM) experiments, this technique
has been applied to manifold surface science problems.
Several studies have addressed the surface plasmon
propagation directly in and in the vicinity of differently
shaped metal nanostructures [4—8]. Quite recently,
energy-resolved 2P-PEEM measurements have been
demonstrated for the first time [9, 10]. Aside from these pure
laser pump-probe experiments, combinations with synchrotron
X-rays have also been developed to obtain access to the
temporal evolution of magnetic structures [11, 12]. Apart from
the excellent temporal resolution of laser light, the adjustable
polarization is also used for magnetic linear and magnetic
circular dichroism contrast of magnetic surfaces [13, 14].

In most experiments, the light of a pulsed Ti:Sapphire laser
or its higher harmonics is used for photoemission, which
results in a limited range of possible photon energies. With a
carefully chosen sample or by additional exposure to alkali
metals (to lower the sample work function), this allows the
performance of threshold laser-excited PEEM (e.g., [15, 16]).
In this paper, we present a laser-excited PEEM study with a
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highly versatile high-repetition-rate laser setup that enables
photoexcitation over a wide range of photon energies. The laser
tunability is used for microscopy of the photoemission onset in
one-photon PEEM experiments of a ferroelectric surface,
whereas two-photon ultraviolet and infrared (UV+IR) PEEM
experiments demonstrate an excellent time resolution in
pump-probe experiments.

Since the discovery of the ferroelectric properties of
BaTiO; in the 1940s, its ferroelectric domain structure in
ceramics and crystals has been studied intensively [17, 18].
BaTiO; has a perovskite structure that is temperature
dependent with different phases [19]. The equilibrium phase
between 275 and 400 K shows a tetragonal symmetry
accompanied by a relative shift between the positively and
negatively charged ions along the crystallographic c-axis,
which leads to its ferroelectric behavior. In contrast to
ferromagnetism, the resulting electric polarization is always
oriented along one of the (100) directions of the crystal.
This strict coupling to the crystallographic axes is due to the
large anisotropy energy [20]. Therefore, three different
ferroelectric domain types can be discriminated on the (001)
surface, depending on the direction of the polarization
relative to the surface normal. In many early studies,
experiments have been carried out under ambient conditions
that make a selective surface preparation redundant, and the
adsorption of screening charges is inevitable. In the early
1970s, Le Bihan et al. showed that the ferroclectric domains
of BaTiOj; lead to a photoemission contrast in PEEM [21].
For these measurements, the samples were polished or
bombarded by Ar™ ions without a special ultrahigh vacuum
(UHV) treatment. Only more recently, the surface properties
of BaTiO; have been studied under UHV conditions in
more detail [22, 23].

As depicted schematically in Figure 1 (upper portion), the
domain structure of the (001) surface of a BaTiO; crystal, for
which the electric polarization is parallel to the surface
normal, leads to either the ¢* or the ¢~ domains, depending
on the polarization orientation. Additionally, four different a
domains can form for which the polarization is oriented
perpendicular to the surface normal. As indicated in the
upper portion of Figure 1, the 90° a—c domain walls coincide
with the (110) crystal planes and tend to align straight with
the high symmetry directions of the crystal. In contrast,
the 180° domain walls are less sensitive to crystallographic
directions and are more or less arbitrarily shaped [24]. In the
¢* and ¢~ domains, the spontaneous polarization of the
unit cell leads to an accumulation of positive and negative
charges, respectively, close to the surface, whereas no charge
accumulation takes place there for the ¢ domains. The
resulting surface potential is schematically shown in the
lower portion of Figure 1. It is lowered for the ¢t domains
and increased for the ¢~ domains with respect to the
a-domain potential, as derived from evaluation of the Poisson
equation. For a more elaborated discussion, one has to take
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Domain structure and surface potential. (top of figure) Sketch of three
different ferroelectric domain types present at a BaTiO3(001) surface
(side view). Note the small angle ¢ in surface topography at a domain
wall between in-plane and out-of-plane domains, a and c, respectively.
(lower part of figure) Schematic diagram of the surface potential of
the different domains caused by the polarization-dependent charge
accumulation close to the surface.

into account that the positions of the Fermi and the vacuum
level, as well as the energy-dependent density of states, also
depend on the polarization direction [25]. Based on both
approaches, shifted photoemission onsets and different
photoemission intensities for the three domains are expected,
which might lead to a strong PEEM contrast in threshold
measurements, as shown in this paper.

Experiment
The setup for laser-excited and time-resolved PEEM
experiments is depicted in Figure 2. The laser system
consists of two main parts, i.e., an all-fiber pump laser
(IMPULSE**; Clark-MXR, Inc., Dexter, MI, USA) and a
noncollinear optical parametric amplifier (NOPA,
i-NOPA** duo; Clark-MXR). The pump laser follows a
novel oscillator concept, in which an Yb-doped fiber is
directly pumped by a continuous-wave laser diode,
generating laser pulses at a central wavelength of 1,035 nm
with a repetition rate of 25 MHz. After adequate pulse
picking in the range of 200 kHz to 2 MHz, the resulting laser
pulses are amplified within three sequential fibers to pulse
energies of 10 pJ. In the present experiments, this output
drives at a repetition rate of 1.5 MHz simultaneously two
independent NOPAs, as developed by Homann et al. [26].
To summarize, in the i-NOPA duo, the 1,035-nm
fundamental beam is split into two parts, where one part
passes a sapphire disk for white light continuum generation

IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 4 JULY/AUGUST 2011



_
1%
I
®

—

o

IMPULSE NOPA

Figure 2

Schematics of the time-resolved, two-color photoemission experiment.
A fiber laser drives two noncollinear optical parametric amplifiers
(NOPAs) that generate two independently tunable beams. After
compression, both beams can be frequency-doubled in a BBO crystal
(only shown for one beam). The pulse length is characterized by an
autocorrelator (AC). Finally, both beams are collinearly focused onto the
sample within the PEEM under an angle of 65° relative to the surface
normal. The temporal delay between both pulses is adjusted via a
motorized delay stage.

and the other part is used for second- and third-harmonic
generation (SHG, THG). The generated white light serves to
seed both parametric amplification processes within two
beta-barium borate (BBO) crystals, which are pumped by
the generated SHG and THG beams, respectively. By
adjusting the temporal delay between the pump pulses and
the chirped white light, the output wavelength is tunable from
440 to 990 nm for the THG pumped beam and between
620 and 990 nm for the SHG pumped beam [26]. The
configuration as noncollinear OPAs (optical parametric
amplifiers) allows the shortening of the pulses by fused silica
prism compressors (Figure 2) to typical pulse lengths in

the range of 20-30 fs in the central spectral range at typical
pulse energies between 75 and 200 nJ.

In the PEEM experiments shown here, the NOPA output
of the THG pumped beam is frequency doubled in an
additional BBO crystal and subsequently compressed in a
third prism compressor. As the pulse energy of the second
NOPA output IR beam is typically higher (150-200 nJ), it
can also be frequency doubled within a separate BBO crystal,
which has not been used here. Instead, this beam passes an
automated linear translation stage to adjust the temporal
delay between the two different beams. The characterization
of the laser pulses is based on the autocorrelation of the
IR pulses and the cross-correlation (CC) between the UV
and IR pulses, which is used for the optimization of all
prism compressors. Finally, the UV and IR beams are
superimposed and collinearly focused through a MgF
viewport onto the sample, which is positioned in the PEEM.
The laser incidence angle is fixed to a polar angle of 65°
due to the PEEM extractor geometry. Unless otherwise
stated, the incident beam is p-polarized. The photoelectrons
from the sample are accelerated by an extractor voltage of
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10-15 kV into the PEEM (IS-PEEM**; FOCUS GmbH,
Huenstetten, Germany) and pass several deflection and
stigmator units, and two projective lenses for magnification
[27]. The electron distribution after amplification in a
multichannel plate is imaged on a fluorescence screen and
digitized by a charge-coupled-device camera. The nominal
resolution of the instrument is 40 nm, and typical field of
views (FOVs) have diameters between 15 and 200 pm.

All experiments have been performed under UHV
conditions at a base pressure of 107!% mbar. The
BaTi0;(001) surface has been prepared by mild Ar™
sputtering, annealing to 1,000 K in 1 x 10> mbar O,, and
final flashing to 1,370 K in UHV. The long-range order of
the surface has been verified by low-energy electron
diffraction (LEED), which reveals a sharp (I x 1) pattern.
The correct BaTiO; composition after sample preparation has
been checked by in situ X-ray photoemission (XPS). The
second Ag(001) sample has been cleaned by several cycles of
Ar" sputtering and subsequent annealing to approximately
680 K, leading to a well-prepared surface, as derived from
the sharp LEED pattern and XPS.

Results and discussion

Imaging of the ferroelectric domains of BaTiOs(001)
Figure 3(a) depicts a sequence of PEEM images of the clean
BaTiO3(001) — (1 x 1) surface at room temperature with
an FOV of 150 um for a laser photon energy of 4.28 eV. The
imaged regions have been laterally shifted to obtain partly
overlapping PEEM images of adjacent sample areas. In all
PEEM images, stripelike patterns that we assign to different
ferroelectric domains are observable. The marked PEEM
image (red circle) shows a straight domain pattern aligned
in the [100] high-symmetry direction with alternating
domains, with widths of approximately (6.3 £+ 1.4) um

and (7.9 £+ 1.5) pm, respectively. The difference in
photoemission intensity /, and /. of both domains, which

is defining the contrast in the PEEM image, can be quantified
by the photoemission asymmetry 4 between both domains
as defined by

7]a_]c
T L+

For the marked PEEM image Figure 3(a) (left side), a strong
photoemission asymmetry of (38 & 2)% is found.
Furthermore, Figure 3(a) clearly shows a change in the
domain pattern for subsequent images when proceeding from
the left to the right side. The stripelike domain pattern on the
right side of Figure 3(a) shows a different contrast with an
asymmetry of (—22 + 2)%. As mentioned previously, the
strict orientation of the domain walls in [100] direction
strongly suggests an arrangement of alternating a and ¢
domains. Within the full sequence of images in Figure 3(a),
three different intensity levels can be distinguished. While the
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PEEM images and intensities. (a) PEEM images of adjacent sample areas showing the transition from an a—c~ domain configuration in the upper left to
an a—c* domain configuration in the lower right (FOV = 150 um each and a photon energy of 4.28 eV). (b) Average PEEM intensity as a function of
the exciting laser light intensity at 7v = 4.35 eV. (c) Normalized PEEM intensity in the photoemission onset for the a and ¢~ domains as a function of
the photon energy of the laser light. The solid line shows a square-root-like onset for each domain (with Ey = 4.73 and 4.84 ¢V) with a Gaussian
broadening of 940 meV. Additionally, the threshold photoemission intensity for a bare Ag(001) surface is shown, which is described by an onset of
Ey =4.37 eV and a Gaussian broadening of 70 meV (a.u.: arbitrary units).

left part shows virtually black and gray domains, the right
part reveals almost white and also gray domains. From this
observation, the gray-appearing domains are assigned to the
a domains, whereas the brighter and darker areas are the ¢
domains of opposite polarization direction. In the following,
we consider the darkest domains as ¢~ and the brightest
domains as ¢*.

A prominent feature of Figure 3(a) is this abrupt almost
vertical transition between both ferroelectric domain
configurations. If one follows the a—c¢~ domain pattern
starting from the left of Figure 3(a), one notices in the fourth
image a splitting of each gray domain into two gray domains
with a black domain in between. A further splitting into
four gray domains is visible in the region of the fifth image.
In parts of the sixth PEEM image, there are indications of a
further splitting until the abrupt transition to the new a—*
domain configuration becomes more favorable. As the 90°
a—c wall displacement depends strongly on strains within
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the crystal, the observed transition is proposed to be strain
driven [28].

Figure 3(b) depicts the average PEEM image intensity for
a photon energy of 4.35 eV as a function of the exciting
UV laser power. The observed linear dependence of the
photoemission signal on the number of photons per time
reveals that one-photon photoemission contributes
dominantly to image formation at this photon energy. The
normalized intensity of individual @ and ¢~ domains is
shown in Figure 3(c) as a function of the photon energy,
marked as triangles pointing down and up, respectively. As
described in Figure 3(a) for a fixed photon energy of 4.28 eV,
the @ domains show a significantly higher intensity than
the ¢~ domains. This holds for all photon energies, and both
curves can be converted into each other by a shift on the
energy axis. From additional wavelength-dependent
measurements (not shown here), the photoemission onset of
BaTiO; is determined to be 3.8 eV, which is also in line

IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 4 JULY/AUGUST 2011



with the data in Figure 3(c). However, this is in clear contrast
to predictions from band calculations for an ideal crystal
[29]. This seeming contradiction might be explained by the
preparation-induced doping of the used BaTiO; crystal via
formation of oxygen vacancies. A mild reduction of the
BaTiO; crystal is necessary in order to obtain a conductive
sample enabling photoemission experiments. Oxygen
vacancies will pin the position of the Fermi level away from
its position for a defect-free crystal (band gap center). This
is supported by UV photoemission spectroscopy (UPS),
which reveals a strong dependence of the BaTiO; work
function on the reduction-oxidation state [30].

In the energy and angle integrating experiment of
Figure 3(c), for description of the threshold photoemission
one has to take into account the density of the photoemission
initial states (DOS), a possible energy dependence of the
photoemission matrix elements, and the density of accessible
final states. For simplicity, we assume constant matrix
elements in the photon energy range discussed here. In
the following, a qualitative description of the threshold
photoemission in the PEEM experiment will be derived using
the example of Ag(001). Afterwards, this model will be
adopted to describe the presented BaTiO3 data. The DOS of
the Ag bulk sp-band varies only slowly in the vicinity of the
Fermi energy, which is the relevant energy region here,
whereas the number of accessible states will increase strongly
with energy above the threshold. Due to the low initial
electron kinetic energies, the surface transmission probability
into the vacuum plays an important role for direct
photoelectrons, as well as for elastically and inelastically
scattered electrons. Berglund et al. and Pontius et al.
calculated this so-called escape function for silver surfaces.
The escape function increases with increasing energy similar
to a square-root-like behavior [31, 32]. To describe the
photon-energy-dependent electron yield, one has to integrate
over all these processes, which is beyond the scope of this
paper, and to convolve the result with an experimental
Gaussian broadening, which accounts for the finite energy
resolution, the bandwidth of the fs laser pulses, and the
inhomogeneities of the sample. We approximate the
experimental data (marker) in Figure 3(c) in a simplified
model by a convolution of a square root function \/E — Ey
and a Gaussian. Here, E denotes the energy, and £y denotes
the onset of this square root function. The photoemission
onset data for Ag(001) is also shown in Figure 3(c) and can
be described by this model with a broadening of 70 meV.
This broadening can be fully explained by the spectral width
of the laser pulses of (70 = 10) meV. The inflection point
for the Ag(001) data is located at (4.39 £ 0.05) eV, which is
in good agreement with the literature value of the Ag(001)
work function [33]. In contrast to the Ag(001) data, the onset
is much wider for both BaTiO3; domains. The data are
compatible with a broadening of 940 meV and a band onset
Ey of 4.73 and 4.84 eV. The additional broadening as
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compared with Ag(001) is large and not understood so far.
A possible explanation might be found in the local variations
of the oxygen vacancy concentration. It has been reported
that the work function as determined by UPS depends
significantly on the reduction—oxidation state of the sample,
which corresponds to the oxygen vacancy concentration.
Local variations of the vacancy concentration on a length
scale significantly smaller than the ferroelectric domain
sizes would lead to locally different onsets, which can
explain the observed broadening within the ferroelectric
domains. Since it is not expected that these local
differences in the density of oxygen defects are distributed
heterogeneously on different domain types, the energy shift
between both data sets of about 110 meV might represent
the difference of the surface potential between the a and

¢~ domains. The observed difference is on the order of

the value measured by Kalinin et al. under ambient
conditions where screening of the polarization charge

plays an important role [34].

Two-photon PEEM of the first image potential
state on Ag(001)

Whereas, in the previous section, PEEM data based on
one-photon photoemission processes have been presented,
the use of two different fs laser pulses for two-photon
photoemission (2PPE) allows for time-resolved PEEM in a
pump-probe setup. In the following, we demonstrate the
high temporal resolution of PEEM based on UV pump and
IR probe experiments on the electron dynamics of image
potential states of the Ag(001) surface using the laser setup
shown in Figure 2. An Ag(001) surface is illuminated by
UV laser pulses of a photon energy of 3.95 eV, which
corresponds to the energy position of the first image potential
state with respect to the Fermi energy at the T-point. A
second IR pulse of 1.65 eV is used to probe the population
of the image potential state by photoemission above the
vacuum level. The photoelectrons are collected by the
PEEM. Only near the temporal overlap between pump and
probe beam does PEEM show significant intensity. Since a
homogeneous Ag(001) surface is used, the photoemission
intensity within a PEEM image is constant and structureless
(not shown here). Figure 4 shows this PEEM intensity
(marked as red triangles) after subtraction of a constant
background as a function of the temporal delay between the
UV and IR laser pulses on a logarithmic scale. The data show
a fast increase over almost two orders of magnitude for
negative delay times (IR pulse first) and a significant slower
decay for positive delays (UV pulse first). This asymmetry
proves that the photoelectrons originate from electronic states
that are populated by the UV pump pulse and are probed
by the IR pulses. For delay times longer than 50 fs, the
PEEM intensities are dominated by an exponential decay, as
can be seen by the linear decrease on the logarithmic scale.
A modeling that takes the finite pulse length of both laser
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Logarithmic 2PPE intensity of the first image potential state of a bare
Ag(001) surface measured by PEEM (solid red triangles) and by angle-
resolved 2PPE at the T-point (open blue squares) using the same laser
setup. The solid lines represent the fits to the respective data set
with a convolution of a single exponential decay and the Gaussian-
shaped cross-correlation (CC) between pump and probe beam (a.u.:
arbitrary units).

pulses with a cross-correlation of 70 fs into account (dashed
black line in Figure 4) describes the data fully (red solid line).
It allows determining the apparent lifetime to (40 &+ 10) fs.
For comparison, the normal-emission data of an angle- and
energy-resolved 2PPE experiment on the same Ag(001)
surface are shown as blue squares. These data have been
measured with the same laser setup but in a second UHV
chamber that is equipped with a hemispherical 2-D electron
analyzer ((Phoibos 150**; SPECS GmbH, Berlin, Germany).
The energy-resolved data in Figure 4 show the identical onset
and an exponential decay that corresponds to a lifetime of
(57 £+ 10) fs. Additional data (not shown here) allow the
identification of the photoemission process [35]: The UV
pulse populates the first image potential state, which is
located 540 meV below the vacuum level [33, 35]. By the IR
probe beam, the electrons are then photoemitted. The
observed lifetime is in good agreement with experimentally
and theoretically derived values [36, 37]; details can be found
elsewhere [35].

Whereas the overall agreement between 2P-PEEM and
2PPE experiments is quite good, there is a clearly shorter
lifetime observed in PEEM. In contrast to the angle- and
energy-resolved 2PPE experiment, in PEEM, photoelectrons
of all kinetic energies are collected over a wide range of
photoemission angles and contribute to the measured signal.
Since the work function of Ag(001) is approximately
4.44 eV, a pump pulse of 3.95 eV should populate the first
image potential with electrons from the Fermi level only in
a narrow momentum range around the T-point. However,
as the lifetime of the electrons in the image potential states
depends strongly on their parallel momentum, this will
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contribute to a shorter averaged lifetime [35, 38]. An
additional signal from UV-pumped short-lived Ag bulk states
at large parallel momentum far from the T'-point seems
possible based on the Ag(001) band structure (see, e.g., [39])
and might contribute to the PEEM signal. Hence, we propose
that, in the 2P-PEEM experiment, the unoccupied Ag bulk
states are co-excited and contribute in addition to the first
image potential state to the apparent lifetime. This results in
a reduced effective lifetime as compared with the lifetime
of the first image potential state.

Conclusion

Three different ferroelectric domain types of BaTiO5(001)
have been imaged by PEEM, using a widely tunable laser
system. Photon-energy-dependent measurements close to the
photoemission threshold have revealed an energy shift
between the photoemission onsets of the ¢ and ¢~ domains
of approximately 110 meV. In similar experiments, for
Ag(001), a work function of (4.39 £ 0.05) eV has been
found to be in agreement with literature values. In a
pump-probe PEEM experiment, in which the first image
potential state of Ag(001) is excited, an apparent lifetime
of approximately 40 fs has been derived from analysis of
the PEEM intensities. Angle- and energy-resolved 2PPE
data measured with the same laser setup have revealed a
lifetime of (57 £ 10) fs according to literature. The observed
difference has been discussed in terms of co-excitation of
bulk states with larger parallel momentum.
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